In vivo bioconjugation to the free thiol on Cys34 of serum albumin by a strategically placed reactive group on a bioactive peptide is a useful tool to extend plasma half-life. Three maleimido derivates of human GH-releasing factor (hGRF) 1-29 were synthesized and bioconjugated to human serum albumin ex vivo. All three human serum albumin conjugates showed enhanced in vitro stability against dipeptidylpeptidase-IV and were bioactive in a GH secretion assay in cultured rat anterior pituitary cells. When the maleimido derivatives were individually administered sc to normal male Sprague Dawley rats, an acute secretion of GH was measured in plasma. 
H UMAN GH-RELEASING factor (hGRF) is a 44-amino
acid endocrine peptide secreted by the hypothalamus that reaches the anterior pituitary, where it binds to its receptor, setting off a cascade of signals that leads to the release of GH into the plasma (1) . The hormone, unfortunately, suffers from a very short half-life in vivo (2) (3) . Recently developed long-lasting derivatives of hGRF, such as polyethylene glycol derivatives, have demonstrated the ability to activate the GRF receptor of rats and pigs, leading to the secretion of GH in the plasma (4 -5) . Furthermore, the GH secretion pattern remains pulsatile when these derivatives are sustained at an elevated concentration in plasma, in agreement with the results from continuous hGRF infusion experiments (6) .
In vivo bioconjugation to serum albumin is a useful tool to increase the half-life of small molecules (7) (8) (9) or peptides (10 -14) in plasma. In vivo bioconjugation occurs when a strategically placed reactive group on a bioactive peptide reacts with a nucleophilic entity found in blood or in sc interstitium to form a stable bond. The foremost nucleophile is the thiol, and its most abundant source in these fluids is Cys34 on albumin. The thiol on Cys34 reacts with a Michael acceptor, such as a maleimido derivative, leading to a new bioactive protein construct that will adopt an extended halflife due to stabilization from enzymatic degradation (11) (12) (13) or reduced elimination through the kidney (14) . It therefore became logical to combine the long-lasting effect of bioconjugation with the proper GRF analog.
We initiated a research program to make a number of maleimido derivatives of hGRF and hGRF analogs and thought that the rat physiology was deemed adequate to screen the products of in vivo bioconjugation with serum albumin. However, it has never been shown that a hGRF albumin conjugate or a fusion protein can activate the rat GRF receptor. For this reason, before initiating in vivo studies, the demonstration that a hGRF -albumin conjugate retains in vitro activity on cultured rat anterior pituitary cells becomes essential.
The relative potency of rat GRF, which is in the order of 3-to 6-fold more active (15) , as well as a 70% homology (16) , when compared with the hGRF, is also of concern and needs to be addressed early to establish the rat as a viable screening model.
Another point of interest is the demonstration that bioconjugation helps to stabilize the active peptide portion of the new construct from degradation by plasma enzymes. Dipeptidylpeptidase-IV (DPP-IV) is the primary culprit with regard to the metabolism and deactivation of GRF in plasma. It recognizes alanine and proline residues at the P1 site and, in the case of GRF , causes the release of the Tyr-Ala dipeptide fragment generating the inactive GRF (17) .
We report herein the results from three sets of experiments on three hGRF analogs possessing the ability to bioconjugate to serum albumin: 1) the in vitro bioactivity using a cultured rat anterior pituitary cell assay and stability in the Abbreviations: AUC, Area under the curve; DPP-IV, dipeptidylpeptidase IV; h, human; GRF, GH-releasing factor; MPA, maleimidopropionic acid; HSA, human serum albumin; LC/(ES)MS, liquid chromatography (electrospray) mass spectrometry; RSA, rat serum albumin.
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presence of DPP-IV of preformed albumin conjugates, 2) the activation of anterior pituitaries and subsequent release of GH in rats upon in vivo bioconjugation of the hGRF analogs, and 3) comparison of the plasma pharmacokinetic profiles in rats of one of the derivatives to the native peptide hGRF amide.
Materials and Methods

Synthetic peptides
The compounds prepared for this study are shown on Fig. 1 . They include the native GRF 1-29 amide, CJC-1288, which has a 3-maleimidopropionic acid (MPA) unit added to the ⑀ amine of an extra lysine at the C terminus of GRF . When initiating these studies, it was not known whether bioconjugation to serum albumin would totally stabilize the peptide from enzymatic degradation. For this reason, a d-alanine was introduced to replace the natural l-alanine at the 2-position (11), followed by the insertion of MPA as in the previous compound leading to CJC-1293. The third tetrasubstituted analog, CJC-1295, has a D-Ala at the 2-position, a Gln at the 8-position to reduce asparagine rearrangement or amide hydrolysis to aspartic acid, an Ala at position 15 to enhance bioactivity, and a Leu at position 27 to prevent methionine oxidation along with the MPA-Lys at the C terminus (17) (18) (19) (20) . The two amino acid replacements at positions 8 and 27 were essentially done to confer manufacturing stability.
The reference GRF amide and the three maleimido derivatives CJC-1288, CJC-1293, and CJC-1295 were synthesized using the Fmoc amino acid strategy on Ramage resin, followed by orthogonal deprotection, to attach the MPA as described previously (11) (12) (13) . All derivatives were lyophilized as trifluoroacetic acid salts and had more than 95% purity by HPLC.
Human serum albumin (HSA) bioconjugates
Compounds CJC-1288, CJC-1293, and CJC-1295 were bioconjugated to HSA (Cortex Biochem, Inc., San Leandro, CA) according to the protocol previously described (11) (12) (13) . The bioconjugates were weighed as lyophilized powders before use.
In vitro DPP-IV stability assay
The DPP-IV (pig) stability assay was performed in the same manner as already described (11) . Briefly, test compounds GRF 1-29 amide (150 m) along with (CJC-1288)-HSA, (CJC-1293)-HSA, and (CJC-1295)-HSA conjugates (10 mg) were individually solubilized in 1 ϫ PBS (pH 7.1) (250 l) and added directly to a vial of DPP-IV enzyme (5 mU, porcine; Calbiochem, La Jolla, CA). The mixture was incubated at 37 C under mixing conditions, and aliquots (25 l) were taken at 0 and 24 h and immediately frozen at Ϫ80 C. Samples were thawed just before liquid chromatography (electrospray) mass spectrometry (LC/(ES)MS) analysis. Percentages are reported as a ratio of the test compound area under the peak or abundance after deconvolution for the desired protein mass at the 24-h time point relative to a reference solution that does not contain DPP-IV but submitted to identical incubation and sampling conditions. The entire experiment was repeated twice.
Primary rat pituitary cell culture
Anterior pituitary cells were harvested and prepared as previously described (21) (22) (23) . Male Sprague Dawley rats (150 -300 g; Charles River Canada Inc., Quebec, Canada) were anesthetized and subsequently decapitated. Whole pituitaries were removed and placed immediately in ice-cold sterile MEM containing 0.1% BSA, 100 g/ml streptomycin, and 100 U/ml penicillin (Invitrogen Canada Inc., Burlington, Ontario, Canada). Cells were prepared freshly within 1 h post pituitary collection.
Individual anterior pituitaries were minced, and tissue fragments were digested in 10 ml sterile medium containing 0.15% trypsin (Difco Laboratories, Inc., Detroit, MI) under gentle and continuous agitation for 45 min at 37 C. Tissue pieces were mechanically disrupted using a Pasteur pipette and incubated for an additional 15 min. Cells were then washed twice and resuspended in DMEM (Invitrogen Canada Inc., Quebec, Canada) supplemented with 0.1% BSA and antibiotics. Cells were seeded in 24-well plates at a density of 2.5 ϫ 10 5 cells/50 l medium⅐well in DMEM and allowed to attach for 1 h in a humidified CO 2 (5%) air incubator at 37 C. After cell attachment, 1 ml fresh DMEM, supplemented with 10% horse serum (Invitrogen Canada Inc., Quebec, Canada), was added.
In vitro GH secretion assay
After 72 h of culture, primary cells were washed twice with serum free DMEM media and incubated for 1 h at 37 C. After this equilibrium period, medium was replaced with fresh medium, and cells were treated with test compound (0, 10 Ϫ13 , 10 Ϫ9 , and 10 Ϫ6 m final concentrations as prepared previously) (12) or HSA (0, 3 ϫ 10 Ϫ12 , 3 ϫ 10
Ϫ8
, and 3 ϫ 10 Ϫ5 m) for 4 h. After incubation, supernatants were collected and centrifuged to remove nonadherent cells and were stored at Ϫ20 C until analysis. Quantitative determination of rat GH was performed by RIA using a commercial kit (Linco Research, Inc., St. Charles, MO) as described in the manufacturer's instructions. Each analysis was replicated at least three times in duplicate. The intraassay coefficient of variation for the rat GH measurement was less than 10%.
Acute in vivo GH secretion
The acute GH secretory profile of the four test compounds was evaluated using catheterized (carotid), freely moving, 7-to 8-wk-old male Sprague Dawley rats (all rats were from Charles River Canada, Saint-Constant, Quebec, Canada). The animals received a single bolus sc injection of test compound (1 mol/kg in 0.9% saline; injection vol, 1 ml/kg) in the dorsolumbar area (n ϭ 7 rats per group; CJC-1293 and CJC-1295 had their own individual saline control groups of n ϭ 7; GRF 1-29 amide and CJC-1288 had a single saline control group for the two). Serial blood samples were taken up to 2 h post administration. GH plasma levels were determined using the same RIA method described above. Onset of experimentation was only between 0900 and 1100 h. amide and the three maleimido derivatives CJC-1288, CJC-1293, and CJC-1295, prepared by solid-phase synthesis. CJC-1288 is hGRF with an extra lysine (Lys) at the 30-position to accommodate a MPA; CJC-1293 is equivalent to CJC-1288 but with a D-alanine (D-Ala) at the 2-position; and CJC-1295 is a tetrasubstituted analog of CJC-1288 but with a D-Ala at the 2-position, a glutamine (Gln) at the 8-position, an Ala at the 15-position, and a leucine (Leu) at the 27-position.
FIG. 1. Molecular structures of hGRF
Pharmacokinetic analysis in Sprague Dawley rats
Seven-to 8-wk-old male Sprague Dawley rats (n ϭ 4 per test compound) were administered a single bolus sc dose of either GRF 1-29 amide or CJC-1295 (1 mol/kg in 0.9% saline; injection vol, 1 ml/kg) in the dorsolumbar region. Serial blood samples were collected from each animal at predose (before injection); at 5 and 30 min; at 1, 2, 4, 8, 24, 48, and 72 h in tubes containing EDTA and DPP-IV inhibitor (Linco Research, Inc.). The samples were then centrifuged (2500 rpm for 10 min at 4 C), and the plasma was aliquoted and kept frozen until analysis.
RIA method for pharmacokinetic analysis
The labeled tracer antigen 125 I-GRF 1-29 amide was obtained from the Douglas Hospital Research Center (Montreal, Quebec, Canada), and rabbit anti-hGRF 1-44 antibody was obtained from Accurate Chemical and Scientific Corporation (Westbury, NY). The inability of this antibody to cross-react with rat GRF has been certified by the manufacturer.
The assay was a disequilibrium RIA (24) . The GRF 1-29 amide and CJC-1295 calibrators were prepared by adding known concentrations of GRF 1-29 amide or CJC-1295 to rat plasma containing EDTA and DPP-IV inhibitor, respectively. The rat serum albumin (RSA) conjugate thus obtained was characterized by LC/(ES)MS, and the amount of free unreacted CJC-1295 was measured (Ͻ1%). Rabbit anti-hGRF 1-44 antibody was found to cross-react with hGRF 1-29 amide and CJC-1295. The calibrators and test samples were incubated with the antibody overnight at 2-8 C. This incubation was followed by the addition of the tracer ( 125 I-GRF ). After another overnight incubation at 2-8 C, the bound and unbound GRF 1-29 amide or CJC-1295 fractions were separated by a second antibody precipitation. The bound GRF 1-29 amide or CJC-1295 was collected after centrifugation, whereas the unbound fraction was removed by decanting the liquid phase. The bound fraction was counted in a ␥-counter, and the data were analyzed using a four-parameter logistic model algorithm. The immunoreactive GRF 1-29 amide and CJC-1295 in the test samples were calculated by interpolation from the GRF 1-29 amide and CJC-1295 calibration curves, respectively.
Generation of antibodies for Western blotting
The specific antibody was raised using a peptide immunogen consisting of CJC-1295 but with the N⑀-(MPA)lysine at position 37 replaced with a C terminus free cystein. This peptide was prepared using conventional solid-phase synthesis as described above, purified, and conjugated to keyhole limpet hemocyanin using m-maleimidobenzoyl-Nhydroxysuccinimide ester as cross-linking agent. Rabbits were injected with immunogen-keyhole limpet hemocyanin conjugate (at Alpha Diagnostic International, Inc., TX) at 15-d intervals, at multiple sc sites and one im site. The conjugate was administered in the presence of complete Freund's adjuvant for the first injection, and all subsequent injections were given incomplete adjuvant. Terminal bleed was performed at wk 13, 7 d after the last immunization. The selected polyclonal serum R6853 TB was highly specific for CJC-1295 conjugated to plasma proteins.
Western blotting analysis
A single male Sprague Dawley rat (359 g) was administered sc CJC-1295 (1 mol/kg in 0.9% saline; injection vol, 1 ml/kg). Blood samples were taken at predose and at 2-, 15-, and 30-min and 1-, 2-, 6-, and 24-h time points. The samples were treated in the same manner as described in the pharmacokinetic study, and the plasma samples were aliquoted and stored frozen.
The diluted (1:10) plasma samples (10 l/well) were separated under nonreducing conditions using SDS-PAGE (25) . Proteins were subsequently transferred onto nitrocellulose membrane using a semi-dry transfer apparatus. The transfer efficacy was verified by reversible staining of the membrane with 1% red Ponceau solution. The membrane was blocked with TBS-0.01% Tween 20 -5% milk for 2 h at ambient temperature. Immunochemical detection was done by a primary incubation (1.4 g/ml affinity-purified rabbit polyclonal anti-CJC-1295 R6853 TB for 1 h at ambient temperature), followed by a secondary incubation (1/200,000 Goat Anti-Rabbit IgG-HRP; Jackson ImmunoResearch Laboratories, Inc. catalog no. 111-035-144, for 1 h at ambient temperature), and revealed with SuperSignal West Femto (Pierce Chemical Co., Rockford, IL). An extra lane containing plasma sample from the 24-h time point was cut out before the preceding immunochemical detection and incubated with peroxidase-labeled rabbit anti-RSA antibody (diluted 1/400000; Accurate Chemical and Scientific Corporation catalog no. YN-RRaALBP) for 1 h at ambient temperature.
Ethics and statistical analyses
The experimental protocols were performed according to the Canadian Council on Animal Protection, following approval by the Université du Québec à Montréal Institutional Committee on Animal Protection. All GH secretion results are expressed as means Ϯ sem. The in vitro data were analyzed by ANOVA using Keppel's modified Bonferroni correction. The comparison of area under the curve (AUC) results with the control was done using the bootstrapping technique (26) , with a Bonferroni adjustment to maintain a confidence of 95%.
Results
In vitro stability
The stability of the HSA bioconjugates in the presence of DPP-IV was assessed in vitro. The results are shown in Table 1 .
In this assay, all of the free hGRF 1-29 amide was cleaved by DPP-IV, and the directly proportional appearance of the GRF 3-29 metabolite was observed. When the conjugate (CJC-1288)-HSA was tested, 58 Ϯ 4% of the intact peptide conjugate was observed after 24 h. In this case, the metabolite corresponding to the loss of Tyr-Ala was also observed at the 24-h time point. (CJC-1293)-HSA and (CJC-1295)-HSA conjugates were stabilized 99.2 Ϯ 0.1% and 90.3 Ϯ 0.5%, respectively, owing to the fact that they both possessed a D-Ala at the 2-position. In the case of (CJC-1295)-HSA, no metabolite corresponding to the loss of Tyr-Ala was observed, and the 9.7% reduction in LC peak abundance after deconvolution was attributed to assay conditions.
In vitro activity
The evaluation of the in vitro activity of the bioconjugate was necessary because of differences between rat and hGRF structures (16) . For this purpose, freshly excised rat anterior pituitaries were prepared for culture. The cells were incubated in the presence of the test compounds for 4 h, after which the level of GH found in the supernatant was directly measured. The results are shown in Fig. 2 .
The conjugates were active in the nanomolar range, causing the release of GH from the rat anterior pituitary cells, whereas the hGRF 1-29 remained active in the sub-picomolar range. The maximum level of GH being secreted by the cells in the presence of the conjugates was comparable with the hGRF 1-29 amide. Values indicate the amount of test compound remaining in solution after incubation at 37 C for 24 h and are expressed as the percent area under the peak (hGRF or abundance after deconvolution (bioconjugates) for the desired mass by LC/(ES)MS relative to a reference standard that is not exposed to enzyme (experiment repeated twice).
In vivo activity
An in vivo experiment was performed by administering a single bolus sc dose of GRF 1-29 amide, CJC-1288, CJC-1293, or CJC-1295 (1 mol/kg) to male Sprague Dawley rats and monitoring the rat GH released into plasma over a period of 2 h. The results of this experiment are shown on Fig. 3 .
An increase in GH was measured for GRF amide as well as the three analogs CJC-1288 (Fig. 3A) , CJC-1293 (Fig.  3B) , and CJC-1295 (Fig. 3C) post administration, relative to individual saline control groups. These control groups were necessary because experiments were done independently. The response was visibly greater for the tetrasubstituted analog CJC-1295 when comparing the AUC of the total GH secreted over the 2-h period, as shown on Fig. 3D .
Pharmacokinetics
The pharmacokinetic profiles of hGRF amide and CJC-1295 were evaluated in rats after sc administration (1 mol/ kg). Blood samples were taken at different time points up to 96 h, and the GRF level was measured using an available 5 cells/well) exposed to hGRF 1-29 amide and hGRF-HSA bioconjugates. HSA was evaluated in the assay to confirm that its presence did not influence the GH secretion. The maximum level of GH secreted for these HSA conjugates was comparable with the native hGRF amide in the nM range, whereas they showed no activity in the pM range (n Ն 3 in duplicate). The statistical analysis was done using ANOVA vs. the control that contained no test compound. The values are expressed as means Ϯ SEM. *, Statistically significant effect vs. control (P Ͻ 0.05).
hGRF 1-44 -recognizing rabbit antibody. Figure 4 shows the prolonged presence of CJC-1295, where it was detectable after 72 h. The antibody used in this assay does not crossreact with rat GRF. The hGRF 1-29 amide could not be detected in plasma beyond 1 h.
Detection of CJC-1295 bound to serum albumin
Plasma samples were obtained after the sc administration of CJC-1295 to a male Sprague Dawley rat. Western blot analysis was attempted using the commercial anti-hGRF antibody used in the pharmacokinetic study. Unfortunately, no detection could be achieved because of the low predilution of this antibody. It was therefore necessary to generate a new antibody specific to CJC-1295 in rabbits. The rabbit polyclonal anti-CJC-1295 antibody R6853 TB was found to be highly selective to CJC-1295 (when this one was added to rat or human plasma). Western blot analysis was done with this antibody on the plasma samples collected from the rat, and results are shown on Fig. 5 .
The Western blot revealed that some cross-reactivity of the second antibody with rat Igs could be seen but that no band corresponding to albumin was found in the predose and 2-min lanes. A band corresponding to albumin became visible at 15 min and persisted in all samples taken beyond this time. In fact, the albumin band was clearly visible at the 24-h time point. An additional lane from the same blot containing plasma from the 24-h sample was revealed using an anti-RSA specific antibody. The high background was attributed to the large amount of proteins loaded and to the fact that anti-RSA recognizes monomers and polymers of RSA. The RSA band was clearly identified and was aligned with the CJC-1295 band. This is strong evidence that CJC-1295 is attached to RSA in plasma after sc administration.
Discussion
GRF is known to be unstable in the presence of plasma DPP-IV, which has been identified as one of its most important routes of elimination. The in vitro stability of GRF-albumin conjugates was done to demonstrate that the attachment of GRF to albumin protects the active peptide portion from DPP-IV-mediated degradation. The bioconjugation of CJC-1288 to HSA did indeed stabilize the GRF peptide portion from DPP-IV degradation but not completely. The metabolite corresponding to the loss of Tyr-Ala was detected by LC/(ES)MS analysis, confirming that the normal degradation pathway is still not completely offset. It became necessary to substitute the l-alanine at the 2-position for a D-Ala to further stabilize the peptide portion. This variation resulted in a high degree of stability, as exemplified by (CJC-1293)-HSA and (CJC-1295)-HSA conjugates both with more than 90% remaining intact in solution after 24 h exposure to DPP-IV.
The in vitro experiment on cultured rat anterior pituitary cells showed that all three HSA bioconjugates of modified or unmodified hGRF amide are able to activate the rat GRF receptor in the nm range but not in the sub-pm range. The response in the presence of HSA was also measured, and no GH secretion was observed, indicating that the albumin alone could not activate the receptor. Although there was a loss of activity, relative to the free hGRF amide, this experiment confirmed that the rat model could be used for our in vivo screen.
When male Sprague Dawley rats were injected with a single bolus sc dose of hGRF amide, CJC-1288, CJC-1293, and CJC-1295, acute GH secretions were observed in all cases. The latter gave the largest plasma AUC of GH over a 2-h period and was selected for further experiments.
Through a Western blot analysis of plasma samples taken after the administration of CJC-1295, it was demonstrated that CJC-1295 was present on the band corresponding to albumin from 15 min to beyond 24 h. There was no band detected at predose and 2 min post administration. Subjecting the plasma samples to SDS-PAGE assured us that the CJC-1295 was covalently bound to the albumin.
The pharmacokinetic profile of CJC-1295 showed a prolonged residence time in plasma compared with hGRF amide. The mean residence time of the immunoreactive GRF in plasma went from less than 0.5 h for hGRF amide to more than 30 h for CJC-1295. It was shown earlier that the conjugate was stabilized against enzyme degradation, removing this route from the overall elimination process. The explanation for the prolonged residence time was therefore attributed almost exclusively to reduced kidney clearance.
There was a good correlation between the amount of immunoreactive GRF found in the plasma and the acute GH response for both hGRF 1-29 amide and CJC-1295. The maleimido group has been shown in the literature to react with the free thiol on albumin (8 -14) . Albumin is found in the sc extravascular fluid in a concentration of 16 g/liter (27) . 1 The prolonged plasma residence time, combined with the Western blot analysis, convinced us that in vivo bioconjugation occurred and that the observed biological response was due to the interaction of the conjugate with the GRF receptor on the anterior pituitary gland.
After 2 h of exposure to CJC-1295, the level of GH eventually returns to the baseline value although the immunoreactive GRF level remains elevated. The lowering of GH concentration can be attributed to a number of reasons, such as down-regulation of the GRF receptor (22) , a drop in pituitary GH content (28) , or the multicomponent feedback loop regulated by somatostatin (29) and IGF-1/insulin (30) . At this point, no further experiments were undertaken to explain the reduction in plasma GH, because it is well established that there is receptor desensitization to GRF observed in rat cells, and the physiological relevance has not been correlated to receptor down-regulation in humans (31) . It has also been clearly established that GH secretion is pulsatile in the presence of sustained plasma concentrations of GRF (6, 32, 33) . The pulsatile response to the administration of CJC-1295 will need to be demonstrated in a more appropriate model (34) . This subject will be addressed in a subsequent paper in this series.
In summary, in vivo bioconjugation of maleimido hGRF 1-29 derivatives to serum albumin occurs after a single bolus sc administration and is a useful tool to increase the plasma residence time of these particular bioactive peptides. The results reported herein demonstrate that a hGRF-albumin conjugate is able to interact with, and activate, the rat GRF receptor on the anterior pituitary to produce a high level of GH in plasma over time, leading to the discovery of CJC-1295 as a long-lasting hGRF analog. Blood samples were taken at the indicated time points, diluted 1:10, subjected to SDS-PAGE, and detected using a CJC-1295-specific antibody (R6853 TB). The second 24-h lane on the right was revealed with a RSA-specific antibody.
